An electrical transition, induced by a high electric field, was observed in a device consisting of a polystyrene film containing 2-naphthalenethiol-capped Au nanoparticles sandwiched between two Al electrodes. The current through the device changed from a charge-injection-controlled current to a space-charge-limited current. The latter current is higher than the former by more than three orders of magnitude at 2 V. Asymmetrical current-voltage curve was observed along the two polarity directions for the device after the transition. This transition is attributed to an electric-field-induced charge transfer between the Au nanoparticle and the capping 2-naphthalenethiol. The device exhibits good stability in the high conductivity state, so it can be used as a write-once-read-many times electronic memory. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1887819͔ Nanomaterials exhibit peculiar electrical, optical, and magnetic properties different from atoms and bulk. Nanometer-sized electronic materials are especially interesting due to quantum confinement of electrons in nanometer dimensions.
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1-5 Physics has been discovered for nanomaterials, such as "Coulomb blockade", surface-enhanced Raman spectroscopy, and a size-controlled energy gap. Charge transfer on metal nanoparticles has gained much attention. [6] [7] [8] Optical-induced charge transfer between semiconductor nanoparticles and polymers has been exploited in photovoltaic cells. 9, 10 Recently, we observed electronic bistability in a polymer film containing both Au nanoparticles capped with alkanethiol and a small organic conjugated compound, and demonstrated its application as nonvolatile electronic memory. 11, 12 The operating mechanism is attributed to an electric-field-induced charge transfer between the Au nanoparticles and the surrounding conjugated compounds. In terms of this mechanism, the electric-field-induced charge transfer should be related to the chemical structure of the capping molecule on the Au nanoparticle. This was further explored in this research by using Au nanoparticles capped with conjugated 2-naphthalenethiol ͑2NT͒. Electric-fieldinduced charge transfer was proposed between Au nanoparticles and capped 2NT, and the device could be used as a write-once-read-many times electronic memory.
The device had a structure shown in the inset of Fig. 1 . The active layer was a polystyrene ͑PS͒ film containing 2NT-capped Au nanoparticles ͑Au-2NT NPs͒. Au-2NT NPs were prepared by the two-phase-arrested-growth method 13 and had a size distribution of 2-4.4 nm. PS was used as the matrix for the Au nanoparticles. The device was fabricated through the following process: At first, bottom Al electrodes were deposited on glass substrates by thermal evaporation in a vacuum of about 1 ϫ 10 −5 Torr; then, the active film with a thickness of about 50 nm was formed by spin coating from a 1,2-dichlorobenzene solution of 1.2% by weight PS and 0.4% by weight Au-NT; finally, top Al electrodes were deposited perpendicular to the bottom electrodes. The top and bottom Al electrodes has a linewidth of 0.2 mm, so that the device had an area of 0.2ϫ 0.2 mm 2 . Al/ Au-2NT NPs+ PS/ Al is used to represent this device. Current ͑I͒-voltage ͑V͒ curves of the devices were tested using an HP 4155 semiconductor analyzer in a vacuum or in air. The geometry and highest occupied molecular orbital ͑HOMO͒-lowest unoccupied molecular orbital ͑LUMO͒ energies of 2NT were calculated using the ͑DFT B3LYP͒ density function theory using Becke's three parameter functional with the Lee, Yang, and Parr correlation functional method with the 6-31+ G͑d,p͒ basis set.
The I-V curve of this device is shown in Fig. 1 . The device exhibited quite low current in the low voltage range at the first scan. The current was in the range of 0.1 nA at 2 V. It rapidly increased when the voltage was higher than 5 V. Current hysteresis appeared at the subsequent scan: The current in the second scan is much higher than the first. The current at 2 V differed by more than three orders of magnitude. After transitioning to the high conductivity state, the device could not be returned to the low conductivity state by applying a negative bias. This is different from our previous device, for which the high conductivity state can be returned to the low conductivity state by applying a negative bias. the transition is induced by a high electric field. The increase of the current in both states with the increase of Au-2NT in the film suggests that Au-2NT NPs are the conduction media through the film. Based on these experimental results, we attribute this transition to the effect of a high electric field on the electronic structure of the Au-2NT nanoparticle.
To further understand this electric-field-induced transition, the I-V curves in both states were analyzed in terms of theoretical models.
14 A linear relation between log I and V 1/2 between 0 and 3 V ͓Fig. 2͑a͔͒, suggested that the current before the electrical transition was controlled by charge injection from the Al electrode into the Au-2NT NPs. On the other hand, the I-V relation changed after the electrical transition: log I had a linear relation to log V ͓Fig. 2͑b͔͒, and a best fit of log I-log V indicated that I ϰ V 1.9 . Hence, the current through the device becomes a space-charge-limited current after the transition.
The current was symmetric in the two polarity directions in the voltage range below 3 V before the transition, while it became asymmetric after the transition. If the polarity direction that resulted in the transition is defined as positive, the current along the negative direction is higher than along the positive direction. ͑Fig. 3͒ The current at −3 V reaches almost ten times as that at 3 V. This asymmetric I-V curve after the transition suggests that the electric field may induce a polarization in the Au-2NT NPs.
This polarization is interpreted as the result of a high electric-field-induced charge transfer between the Au nanoparticle and the capping 2NTs. After the charge transfer, the Au-2NT NP polarizes along the applied electric field. Hence, the device will have a higher current when the external electric field is applied along this polarization direction than that when the external electric field is applied against this polarization.
This model can explain the two conductivity states well. Before the transition, the current is controlled by the charge injection from the electrode into the polymer film due to a big energy barrier between the Al electrode and Au-2NT NPs. ͑Fig. 4͒ After the charge transfer between the Au nanopaticle and 2NT induced by a high electric field, the capped 2NT is positively or negatively charged so that the film exhibits a high current. It is well known that the organic compound exhibits a higher conductivity after it is charged.
This device had a good stability in the high conductivity state. Initial experiments indicate that it could be stable in this state for more than 60 h in air. This stability may be greatly improved after optimization of the experimental conditions. Thus, this device could be used as a write-once-readmany times electronic memory. Obviously, the performance and the operating mechanism of this device are different from that reported by Forrest et al. 15 In conclusion, Al/ Au-2NT NPs+ PS/ Al exhibited a transition from a charge-injection-controlled current to a charge-transport-controlled current, induced by a high electric field. An asymmetric I-V curve was observed in the low voltage range along the two polarity directions after the transition. These results can be interpreted well by an electricfield-induced charge transfer between the Au nanoparticle and the capping 2NT. This device can be used as a writeonce-read-many times electronic memory. 
